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Changes in color (CIE L*a*b*) and properties (density, mass loss, 
density loss, and bending properties) of heat-treated beechwood were 
researched, as well as the possibilities of predicting these properties 
based on color. Considering the different market values of sapwood and 
red heartwood, the aim of this study was to establish whether these parts 
of beechwood differ after a heat treatment. Samples were exposed to 
temperatures of 170
oC, 190
oC, and 210
oC, respectively, for 4 hours. In 
order to predict the properties, a linear regression with color change (∆E) 
and ∆L predictors was used, as well as the partial least squares (PLS) 
regression with 12 color variables. It has been shown that heat treatment 
reduces the properties of sapwood and red heartwood in the same 
manner, and equalizes the colors. The PLS-R showed the best results of 
prediction and presented the very high coefficients of determination for 
the mass loss, density loss, and modulus of rupture (MOR) in both 
sapwood and red heartwood. The equalized colors of heat-treated red 
heartwood and sapwood can significantly increase the use of products 
made out of red heartwood. Color can be an important indicator of the 
quality of such beechwood. 
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INTRODUCTION 
 
Heat treatment can reduce wood hygroscopicity and improve its dimensional 
stability and durability, but it may decrease some mechanical properties, mainly bending 
(Kubojima et al. 2000; Yildiz 2002; Bekhta and Niemz 2003; Johansson and Morén 
2006; Esteves et al. 2007; Shi et al. 2007; Kocaefe et al. 2008). Along with the 
improvement of hygroscopicity and durability, one of the important reasons for heat-
treating is the change in wood color (Mitsui et al. 2001; Bekhta and Neimz 2003; 
Johansson and Morén 2006; Esteves et al. 2008b; González-Peña and Hale 2009; Toung 
and Li 2010). Heat treatment gives wood a darker color that has become very interesting 
on the market, which enables a broader use and an increased market value of less-valued 
species. The changes in color seem to originate from complex changes and degradation of 
hemicelluloses, lignin, and certain extractive compounds (Tjeerdsma et al. 1998; 
Sundqvist and Moren 2002; Bekhta and Neimz 2003; Sehistedt-Persson 2003; Sundqvist 
2004; Windeisen et al. 2009; Kocaefe et al. 2008; Niemz et al. 2010; Aydemir et al. 
2011). Because the process of heat treatment changes both chemical and some of the 
physical and mechanical properties, color could be used to predict these changes, and it  
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could, therefore, become an important indicator of the quality of heat-treated wood. 
Along with color, NIR spectra and ESR spectra are used for assessing the properties and 
classifying the heat-treated wood (Hinterstoisser et al. 2003; Schwanninger et al. 2004; 
Esteves and Pereira 2008c; Ahajji et al. 2009; Bächle et al. 2010). 
Patzelt et al. (2003) suggested that color could be used as a classification method 
of treated wood, because it has a significant correlation with mass loss. Brischke et al. 
(2007) found good correlation between heat treatment intensity and the color of milled 
wood, with less variation compared to wood surface measurements. Schnabel et al. 
(2007) used cluster analysis to prove that color can be used to classify bending strengths 
of heat-treated beechwood and ash wood. Studies of correlation between color and 
strength of heat-treated wood have shown contradictory results. Bekhta and Niemz 
(2003) reported a strong correlation (R
2 = 0.99) between changes of color and bending 
strengths of spruce wood, whereas Johanson and Morén (2006) have used partial least 
squares (PLS) analysis and concluded that there is no strong correlation between changes 
of color and bending strengths at heat-treated birch wood. These authors have used – as 
independent variables – color, density, moisture content (MC), modulus of elasticity in 
bending strength (MOE), thickness, and width of the sample, treatment time, treatment 
temperature, and position in a board. González-Peña and Hale (2009b) used color to 
predict the physical and mechanical properties of wood of Scots pine, Norway spruce, 
and beech, by using both PLS and linear regression. Their results indicate that color could 
be used to estimate most of wood properties. 
Previous studies indicate that color assessment can be used as an inexpensive and 
non-destructive method to determine the quality of heat-treated wood. Published results 
need to be verified in the future research of wood species that have inhomogeneous color 
and whose value can be significantly increased by heat treatment. Beech is one of the 
most important wood species in Europe. However, a common problem is red heartwood, 
out of which products of lower value are made, due to its naturally darker color and a 
potential presence of fungi. The process of heat treatment modifies the color, and there is 
a need to establish whether the wood of red heartwood differs from sapwood by its color 
and properties. Therefore, the aim of this research was to determine changes in color and 
in properties (density, density loss, mass loss, and bending properties) of heat-treated 
beech sapwood and red heartwood, as well as to explore the possibilities of predicting the 
properties by the color itself. 
 
 
EXPERIMENTAL 
 
Materials  
Eleven beech trees that were randomly chosen were obtained from the forest area 
of Goč Mountain (southwestern Serbia). The average breast height diameter was 45 cm. 
All the trees had a similar amount of red heartwood (around 50%) with the absence of 
visible decay and were cut into 2 m long logs. Three logs were cut from each tree (33 
logs in total): above breast height, at the middle, and at the height of first green branches. 
Each log was cut into eight radial boards 30 mm thick (four from sapwood and four from  
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red heartwood – Fig. 1). From total of 264 kiln-dried boards, 72 sapwood and 72 red 
heartwood boards (with no visible defects and deformations) were selected. Four samples 
from the central part of selected boards were cut (1 untreated plus 3 for heat treatment). 
The samples (marked 1, 2, 3, and 4) had clearly defined anatomic directions and had no 
visible defects. They were cut into specimens that were used to determine the physical 
and mechanical properties (Fig. 1). Specimens that were used for determining the 
moisture content (MC), the density (oven dried-ODD, air dried-ADD), the mass loss 
(Ml), and the density loss (Dl) had dimensions: 20x20x20 mm, and specimens for 
determining the bending properties – modulus of rupture (MOR) and modulus of 
elasticity (MOE) were 20x20x320 mm (radial, tangential and longitudinal). There were a 
total of 576 specimens: 288 out of sapwood (72 + 3x72) and 288 out of red heartwood 
(72 + 3x72).  
 
 
 
Fig. 1. Sawing pattern and test samples. (1-untreated, 2-170ºC, 3-190ºC, 4 -210ºC, HT – heat 
treatment, MOR – modulus of rupture, MOE – modulus of elasticity, MC –moisture content, ODD 
– oven dry density, ADD – air dry density, Ml – mass loss, Dl – density loss). 
 
Heat Treatment 
Heat treatment was carried out in a laboratory chamber (1 m
3, ± 1°C sensitivity) 
for heat treatment filled with water vapor, where samples were exposed to temperatures 
of 170
oC, 190
oC, or 210
oC. It took approximately twenty-four hours to heat the samples 
from room temperature to the treating temperature, after which the temperature was kept 
constant for four hours. The chosen schedules are often used in industrial heat-treating of 
beech timber. 
 
Determination of the Physical and Mechanical Properties  
Before heat treatments, all specimens (including specimens for Ml and Dl 
determination that were previously oven-dried) were conditioned at 23
oC and relative 
humidity of 50% during eight weeks. The same procedure of conditioning was carried out 
after the heat treatment. Then, the mechanical properties (bending properties) and 
physical properties (ADD, ODD, and MC) were determined. MOR and MOE were 
determined by a three-point bending test on specimens measuring 20x20x320 mm. 
Distance from supports was 280 mm. ADD, ODD, and MC (20x20x20) were 
determinated gravimetrically subsequent to the bending tests. 
Masses and volumes of oven-dried specimens (20x20x20 mm) that were to be 
heat-treated were measured. Then they were conditioned with other specimens and, after  
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heat treatment, they were oven-dried and had their masses and volumes measured again. 
According to these data, Ml and Dl of heat-treated wood were calculated. 
 
Color Assessment 
Color assessments were performed on radial surfaces of untreated and heat-treated 
samples by BYK (BYK Gardner GmbH) colorimeter. Color was assessed in four 
locations, and average values were used for further calculations. The sensor head was 11 
mm in diameter. Measurements were made using a D65 illuminant and a 10° standard 
observer. The coordinates L* (black-white), a* (green-red), and b* (blue-yellow), 
measured before and after the treatment, were used to determine: ΔL,  Δa,  Δb 
(exemplified for ΔL = L*treated – L*untreated), ΔE – total color difference, hht – hue after the 
heat treatment, C1 – saturation before the heat treatment, C2 – saturation after the heat 
treatment, ΔC – change in saturation, and Hab – change in hue. 
One-way ANOVA and Tukeyʼs multiple range test (SPSS 13.0 software) were 
used for comparing and determining any significant differences in color and wood 
properties between the groups. 
 
Prediction of Properties According to Color 
In order to determine correlation between color and physical and mechanical 
properties of heat-treated beechwood, simple linear, multiple linear, and PLS regressions 
were used. Average values of measured properties were taken as dependent variables in 
all three treatments. As predictors in simple linear regression, ΔE and ΔL were used and 
12 color variables (L*, a*, b*, ΔL, Δa, Δb, ΔE, h, C1, C2, ΔC, Hab) were used in multiple 
linear regressions and in PLS. Simple and multiple linear regressions were calculated by 
SPSS 13.0 software. PLS analysis was done by the Unscrambler (CAMO AS, Norway) 
software version 9.7. PLS calibration was done with two subsets (calibration set and 
validation set) with a maximum 10 latent variables (LV). Samples for calibration and 
validation sets were taken manually. First, the samples were ranked in ascending order of 
their dependent variables and every third or fourth sample was taken into the validation 
set. This produced a calibration set (150 samples) and a validation set (66 samples) with 
roughly the same standard deviation. Secondly, 12 color variables of 150 samples were 
regressed against the tested properties by cross-validation of five randomly chosen 
groups. The number of factors used was determined by The Unscrambler software. 
Model efficiency was then tested by the validation set. The following calibration and 
validation parameters were used: determination coefficient of calibration set (Rc
2), 
standard error of calibration (SEC), standard error of cross-validation (SECV), 
determination coefficient of validation set (Rp
2) (value calculated to show the ability of 
the calibration to account for the variation in the validation set), standard error of 
prediction (SEP) (the measure of the calibrations ability to predict wood properties in 
samples not used in the calibration set), and ratio of performance to deviation (RPD), 
which evaluates the predictive ability of the calibration and is the ratio of the standard 
deviation of the measured data to the SEP (Williams and Sobering 1993). According to 
Workman (2008), values of SEC, SECV, and SEP should be as low as possible, while R
2 
and RPD should be as high as possible. For use in the forestry science, Schimleck et al.  
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(2001) claim that a RPD greater than 1.5 is considered satisfactory for screenings and 
preliminary predictions, while Schimleck and Evans (2004) consider a RPD of 2.5 
sufficient for tree-selection in breeding programs.  
 
 
RESULTS AND DISCUSSION  
 
Color Changes 
Mean values of color parameters for untreated and treated beechwood are shown 
in Table 1, and average values of color differences in all three treatments are shown in 
Fig. 2. Measured coordinates had positive values both before and after treatment. Colors 
of untreated sapwood and red heartwood differ significantly. The L* values are higher in 
sapwood than in red heartwood, whereas a* and b* coordinates are lower (Table 1). The 
applied heat treatments have had the greatest influence on the change of L* coordinate, as 
it made the wood darker, which was also shown in earlier studies of heat-treated wood 
(Militz 2002; Bekhta and Neimz 2003; Mitsui et al. 2001, 2003; Johanson and Morén 
2006; González-Pena and Hale 2009 a,b). The L* coordinate decreased significantly (Fig. 
2), and its reduction was greater in sapwood (-36.8) than in red heartwood (-26.1). In 
sapwood, coordinates a* and b* increased at 170ºC, but decreased at 190ºC and 210ºC. 
However, these changes were smaller than the changes of L* coordinate. Red heartwood 
showed a decrease of a* and b* with the increase of temperature, and the average values 
of all heat treatments were negative (Δa=-2.0, Δb=-5.8). Sapwood showed average Δa of 
0.8, and Δb of (-4.2).  
 
Table 1. Mean Values for Three Color Coordinates and Color Difference in Heat-
Treated Beech 
Part of beechwood  Treatment  L*  a*  b*  ∆E 
Sapwood Untreated 
(N=72) 
79.1 (*) 
(2.4) 
6.3 (*) 
(1.0) 
18.9 (*) 
(1.1) 
- 
170°C 
(N=72) 
55,9 
(4.9) 
8,4 (*) 
(0.5) 
19,8 
(1.1) 
23,3 (*) 
(5.8) 
190°C 
(N=72) 
39,8 
(3.3) 
7,7 (*) 
(0.9) 
15,2 
(2.0) 
39,5 (*) 
(4.0) 
210°C 
(N=72) 
30,9 
(1.2) 
5,1 
(0.5) 
8,9 
(0.9) 
49,2 (*) 
(3.4) 
Red 
heartwood  
Before 
(N=72) 
68.3 
(3.4) 
9.5 
(1.1) 
20.5 
(1.1) 
- 
170°C 
(N=72) 
55.4 
(3.9) 
9.2 
(0.8) 
20.0 
(1.4) 
12.9 
(4.3) 
190°C 
(N=72) 
40.4 
(4.5) 
8.3 
(1.0) 
15.2 
(2.3) 
28.4 
(5.7) 
210°C 
(N=72) 
30.8 
(1.7) 
5.1 
(0.6) 
8.8 
(1.3) 
39.5 
(3.4) 
N – number of samples. The standard deviations are in parentheses. 
(*) statistically significant difference between sapwood and red heartwood (p<0.05).  
PEER-REVIEWED ARTICLE   bioresources.com 
 
 
 
Todorovic et al. (2012). “Heat treated beechwood,” BioResources 7(1), 799-815.   804 
 
A significant difference in values of L*, a*, and b* between sapwood and red 
heartwood (Table 1) was noticed in L* (untreated), a* (untreated, 170ºC and 190ºC), and 
b* (untreated). There was no difference between the values of a* and b* in red heartwood 
treated at 170ºC in comparison with untreated wood. In all other cases, both sapwood and 
red heartwood showed significant differences in L*, a*, and b* as compared to untreated 
wood. 
As was expected, a higher mean value of total color difference (Fig. 2) was 
obtained for sapwood (ΔE=37.3) than for red heartwood (ΔE=27.0). According to a table 
frequently used for color classification (e.g. Allegretti et al. 2008), the color difference 
between sapwood and red heartwood before treatment was high (ΔE= 11.4 (>6)), whereas 
after heat treatment it was small at 170°C (ΔE=0.96<2) and 190°C (ΔE=0.85<2), and not 
visible at 210°C (ΔE=0.14<0.2). 
 
 
Fig. 2. Color difference between untreated and heat treated wood (average of all heat 
treatments) 
 
Properties of Heat-Treated Beechwood 
Hygroscopicity of wood decreased significantly as a consequence of heat treat-
ment. Untreated wood (after 8 weeks of conditioning) had an average MC of 9.0% in 
sapwood and 9.6% in red heartwood. Mean values of MC for treated samples were 4.7% 
(3.0 to 6.6%) in sapwood and 4.2% (2.3 to 6.2%) in red heartwood. Values of other 
physical and mechanical properties are shown in Table 2. Properties of untreated and 
heat-treated sapwood and red heartwood mostly did not differ much and were within the  
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values from previous research studies. ODD of untreated beechwood was 0.676 g/cm
3 
(ADD – 0.703 g/cm
3) in sapwood and 0.677 g/cm
3 (ADD – 0.700 g/cm
3) in red 
heartwood. Densities of untreated sapwood and red heartwood were no different and the 
values were similar to those in previous research studies (Pöhler et al. 2006; Popadić and 
Todorović 2008; Popović et al. 2010). As expected, heat treatment was associated with 
decrease in density (Yildiz 2002; Boonstra et al. 2007; Korkut and Guller 2008). There 
were no difference in wood density at 170ºC compared to untreated samples, but strong 
reduction was found at 190ºC and 210ºC.  
 
Table 2. Physical and Mechanical Properties of Untreated and Treated Samples 
Part of 
beechwood 
Treatment ODD 
(g/cm
3) 
ADD  
(g/cm
3) 
Ml  
(%) 
Dl 
(%) 
MOR  
(N/mm
2) 
MOE 
(N/mm
2) 
Sapwood Untreated 
(N=72) 
0.676 
(0.048) 
0.703 
(0.048) 
   126.9 
(16.0) 
11739 
(1629) 
170°C 
(N=72) 
0.667 
(0.031) 
0.695 
(0.033) 
4.7 
(0.9) 
0.8 
(0.2) 
132.1 
(15.9) 
12500* 
(1864) 
190°C 
(N=72) 
0.644* 
(0.030) 
0.659* 
(0.030) 
9.2 
(1.1) 
5.2 (*) 
(1.4) 
95.7* (*) 
(16.8) 
12540* 
(1910) 
210°C 
(N=72) 
0.619* 
(0.027) 
0.633* 
(0.029) 
16.9 
(1.1) 
9.7 
(2.5) 
69.6* 
(14.1) 
11721 
(1705) 
Red 
heartwood 
Untreated 
(N=72) 
0.677 
(0.051) 
0.700 
(0.049) 
   124.1 
(17.9) 
12095 
(1513) 
170°C 
(N=72) 
0.674 
(0.038) 
0.696 
(0.040) 
5.0 
(0.7) 
0.7 
(0.2) 
127.9 
(21.6) 
12663* 
(1840) 
190°C 
(N=72) 
0.650* 
(0.033) 
0.667* 
(0.035) 
9.3 
(0.8) 
4.0 
(1.3) 
88.7* 
(24.7) 
12624* 
(2076) 
210°C 
(N=72) 
0.621* 
(0.033) 
0.635* 
(0.030) 
17.0 
(1.1) 
10.0 
(2.9) 
65.7* 
(17.4) 
11638 
(1982) 
N – number of samples. The standard deviations are in parentheses. 
* statistically significant difference as compared to untreated wood (p<0.05). 
(*) statistically significant difference between sapwood and red heartwood (p<0.05). 
 
This research confirmed that mass loss increases with the rise of temperature 
(Bourgois and Guyonnet 1988; Zaman et al. 2000; Alén et al. 2002; Esteves et al. 2008a) 
both in sapwood and in red heartwood. Average mass loss (for all three treatments) was 
10.3% in sapwood and 10.4% in red heartwood. Average density loss was lower than 
mass loss and it was 5.2% in sapwood and 4.9% in red heartwood. There was no 
difference between sapwood and red heartwood in density loss, except for treatment at 
190ºC. Compared to untreated samples, MOR decreased significantly at higher 
temperatures (190 and 210ºC), which is in agreement with results in previous studies 
(Schnabel et al. 2007; Esteves et al. 2007; Kocaefe et al. 2008; Windeisen et al. 2009;). 
There was no difference between sapwood and red heartwood in MOR both for untreated 
and samples treated at 170ºC and 210ºC. Higher value in sapwood than in heartwood at 
190ºC was found, mainly as a consequence of similar trend in density loss. 
The heat treatment at 170ºC and 190ºC slightly improved MOE, while at 210ºC it 
was not different compared to untreated wood. No difference between sapwood and red 
heartwood in MOE was obtained both in untreated and treated samples.  
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Prediction of Properties by Linear Regression 
 
Table 3. Linear Regression Analysis of Prediction of Physical and Mechanical 
Properties of Heat-Treated Beechwood using ∆L or ∆E as Predictors 
Part of beechwood  Predictor  N  Stand. 
error 
R
2 Fsig  b0  b1  b2 
ODD (g/cm
3) 
Sapwood  ∆L  216 0.029 0.35 117.0  0.71  0.002   
∆E  216 0.029 0.41 150.3  0.72  -0.002   
Red heartwood  ∆L  216 0.034 0.31  97.3  0.71  0.002   
∆E  216 0.032 0.26  74.6  0.69  -0.002   
Total  ∆L  432 0.032 0.30 184.1  0.70  0.002   
∆E  432 0.031 0.31 192.7  0.70  -0.002   
ADD (g/cm
3) 
Sapwood  ∆L  216 0.029 0.41 150.3  0.72  -0.002   
∆E  216 0.030 0.45 174.0  0.75  0.002   
Red heartwood  ∆L  216 0.033 0.47 188.8  0.75  0.003   
∆E  216 0.030 0.42 156.6  0.74  -0.002   
Total  ∆L  432 0.033 0.40 291.4  0.74  0.002   
∆E  432 0.031 0.43 322.9  0.74  -0.002   
Ml (%) 
Sapwood  ∆L  216 2.32 0.86  667.2 11.8  0.72  0.018 
∆E  216 1.32 0.96 2501 13.4  -0.80  0.019 
Red heartwood  ∆L  216 2.16 0.87  731.8 5.86  0.26  0.016 
∆E  216 1.40 0.95 1896 6.97  -0.30  0.015 
Total  ∆L  432 3.68 0.64  381.8 1.42  -0.21  0.004 
∆E  432 2.81 0.80  862.4 4.81  -0.09  0.009 
Dl (%) 
Sapwood  ∆L  216 1.82 0.74  298.3 0.48  0.11  0.006 
∆E  216 1.62 0.77  357.3 -0.14  -0.06  0.005 
Red heartwood  ∆L  216 2.28 0.57  142.1 -1.66  -0.17  0.002 
∆E  216 1.88 0.67  211.1 -1.72  0.16  0.002 
Total  ∆L  432 2.36 0.55  262.3 -1.72  0.16  0.001 
∆E  432 2.04 0.62  347.8 -1.72  0.15  0.001 
MOR (N/mm
2) 
Sapwood  ∆L  216 14.8 0.76  667.1  184.7  2.38   
∆E  216 15.4 0.76  662.2  186.7 -2.44   
Red heartwood  ∆L  216 21.6 0.58  299.1  160.6  2.53   
∆E  216 19.9 0.65  392.8  159.6 -2.46   
Total  ∆L  432 22.7 0.49  417.2  156.8  1.93   
∆E  432 21.9 0.54  512.1  159.2 -2.01   
MOE (N/mm
2) 
Sapwood  ∆L  216 1152 0.32 104.4  15140  72.0   
∆E  216 1236 0.36 122.6  15398 -82.6   
Red heartwood  ∆L  216 1649 0.27 80.0 15019  98.6   
∆E  216 1519 0.31 98.9 14990 -94.8   
Total  ∆L  432 1485 0.22 124.3  14537  65.5   
∆E  432 1431 0.29 174.4  14785 -75.1   
Models of the form: y=b0+b1x+b2x
2. All coefficients are significant at p<0.001. 
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Table 3 shows the results of linear regression assessment of basic physical and 
mechanical properties of beech wood, based on ΔL and ΔE as predictors. Most of 
properties had a linear correlation with ΔL and ΔE.  
According to coefficient of determination (R
2), ΔL and ΔE had the best correla-
tion with mass loss (Fig. 3), density loss, and MOR. R
2 for mass loss were roughly the 
same for both parts of wood and were 0.86 (ΔL) and 0.96 (ΔE) in sapwood, and 0.87 
(ΔL) and 0.95 (ΔE) in red heartwood. Density loss and MOR had roughly the same 
prediction efficiency by ΔL and ΔE, but lower than mass loss. R
2 in density loss varied 
between 0.57 (ΔL in red heartwood) and 0.77 (ΔE in sapwood). Similar results were 
found in MOR – the lowest R
2 was in red heartwood – 0.58 (ΔL) and the highest was in 
sapwood – both ΔL and ΔE had R
2 values of 0.76. 
 
 
Fig. 3. Correlation between mass loss and ∆E in sapwood of heat-treated beechwood. Grouped 
data originate from different heat treatments 
 
A parabolic correlation was present between ΔL and/or ΔE and mass loss, which 
coincides with the results of González-Peña and Hale (2009b), but there was a linear 
correlation between these predictors and bending properties (Fig. 4), which differs from 
the results reported by same authors. Standard errors of mass loss, MOR, and MOE were 
significantly higher in red heartwood than in sapwood. Compared to results reported by 
González-Peña and Hale (2009b), standard errors in assessment of MOR and MOE in 
sapwood were smaller, and those of density loss were similar. The reason for this is  
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probably a narrower range of applied temperatures and therefore a narrower range of 
color change (ΔE=15-56). 
 
Fig. 4. Correlation between MOR and ∆L in sapwood of heat-treated beechwood  
 
ΔE was a better predictor than ΔL for most of the properties, except for red 
heartwood density. Sapwood had higher R
2 than heartwood for all investigated properties. 
This was probably caused by sapwood more homogeneous color that provided a better 
correlation between color parameters and the tested properties.  
Multiple linear regression based on twelve independent color variables showed a 
higher R
2 than simple linear regression for density loss and MOE in sapwood (R
2 = 0.89 
and R
2 = 0.42). In all other cases, simple linear regression was equally or more efficient 
in predicting. 
 
Prediction of Properties by PLS Regression 
PLS regression improved ability of properties prediction (with density loss this 
goes up to 70%) compared to simple and multiple linear regressions (Table 4). Red 
heartwood had higher values of R
2 than linear regression in mass loss (R
2=0.97), density 
loss (R
2=0.89), and MOE (R
2=0.38). PLS regression in sapwood showed higher values of 
RPD with all tested properties. Highest values of RPD
 in sapwood were with mass loss 
(RPD=6.42), density loss (RPD=3.92), and MOR (RPD=2.69). ODD had the lowest 
values of RPD. Compared to linear predictors ΔL and ΔE, PLS was better with ODD in 
red heartwood (R
2=0.34) and with ADD in sapwood (R
2=0.50).  
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Table 4. Summary of Statistics for Calibration and Predictions of Physical and 
Mechanical Properties of Heat-treated Beechwood 
Part of beechwood  Calibration   Validation 
Nc  Factors SEC  SECV Rc
2 Np SEP  Rp
2  RPD 
ODD (g/cm
3) 
Sapwood 150  2  0.037  0.038  0.36  66  0.038  0.38  1.29 
Red heartwood  150  4  0.034  0.036  0.31  66  0.036  0.34  1.22 
Total 300  1  0.037  0.038  0.34  132 0.030  0.36  1.23 
ADD (g/cm
3) 
Sapwood 150  3  0.026  0.027  0.47  66  0.025  0.50  1.44 
Red heartwood  150  3  0.030  0.031  0.38  66  0.030  0.38  1.33 
Total 300  1  0.033  0.033  0.40  132 0.027  0.43  1.33 
Ml (%) 
Sapwood 150  2  1.05  1.06  0.97  66  1.05  0.97  6.42 
Red heartwood  150  2  1.16  1.19  0.97  66  1.10  0.97  5.74 
Total 300  3  1.05  1.07  0.97  132 0.97  0.98  6.14 
Dl (%) 
Sapwood 150  2  0.95  0.99  0.93  66  0.92  0.94  3.92 
Red heartwood  150  2  1.16  1.26  0.87  66  1.08  0.89  2.98 
Total 300  2  1.12  1.14  0.90  132 0.93  0.93  3.81 
MOR (N/mm
2) 
Sapwood 150  4  11.5  12.05  0.83  66  11.6  0.86  2.69 
Red heartwood  150  2  19.7  20.4  0.53  66  19.2  0.60  1.57 
Total 300  5  15.3  15.7  0.71  132 15.3  0.74  2.00 
MOE (N/mm
2) 
Sapwood 150  3  992  1040  0.57  66  823  0.56  1.52 
Red heartwood  150  2  1460  1506  0.38  66  1350  0.38  1.27 
Total 300  5  1206  1242  0.46  132 1061  0.45  1.45 
 
RPD values were higher in sapwood than in red heartwood. Considering the limit 
value of 1.5 (Schimleck et al. 2001), the color of heat-treated beechwood is a good 
predictor of mass loss, density loss (Fig. 5), and MOR. In sapwood, RPD was on the limit 
for MOE, but it was a weak predictor for red heartwood. Color was a poor indicator of 
density in both sapwood and red heartwood. 
R
2 had the lowest values in predicting ADD, ODD, and MOE in both linear and 
PLS regression. The explanation for this is that the color change in heat-treated wood is 
an indicator of the change in chemical composition and mass loss; therefore color was a 
better indicator of properties that change more with the change in chemical composition 
and mass loss. This means that color of heat-treated beechwood can be used more 
accurately in predicting the strength than density and elasticity in bending. A small 
change in density was caused by the simultaneous mass loss and volume loss; still 
volume loss was significantly lower than mass loss (Popadić and Todorović 2008).  
  The research confirms that the increase in temperature makes sapwood and red 
heartwood darker while bending strength decreases, which could be directly associated 
with thermal degradation of wood components (Ponscak et al. 2006; Esteves et al. 
2008b). With heat treatment, the color of wood is modified, acquiring a darker tonality,  
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which is often justified by the formation of colored degradation products from 
hemicelluloses (Sehistedt-Persson 2003; Sundqvist 2004). 
 
 
Fig. 5. Calibration plot for Dl of heat-treated beechwood using PLS 12 color variables (all 432 
samples) 
 
Fengel and Wegener (1989) explained that the reason for the color change is the 
production of chromophores as a result of the hydrolytic reactions that occur during heat 
treatment. The decrease of hemicelluloses content has a smaller effect on change in 
elasticity than on bending strength, for which a strong correlation was reported by several 
authors (Winandy and Lebow 2001; Esteves et al. 2008a; Windeisen et al. 2009; Niemz 
et al. 2010). This research didn’t examine the content of chemical compounds; however 
there was a distinctive difference between NIR spectra recorded on beechwood radial 
surface before and after treatment (Todorović et al. 2010). NIR spectra (resolution 8 cm
-1 
and 100 scans) were recorded on the same samples that were used in this research. The 
heat treatment was observed in the second derivative mode of the NIR spectra. The 
hemicelluloses are more sensitive to high temperature than are lignin and cellulose. There 
is a decrease of the band at 5800 cm
-1, the first overtone of  CH stretching vibrations, 
which is caused by the degradation hemicelluloses and to a decrease of the absorption 
band assigned to the amorphous region cellulose at 7000 cm
-1 (Windeisen et al. 2009; 
Bächle et al. 2010; Schwanninger et al. 2003; Mitsui et al. 2008). The increase of the 
bands 5950 cm
-1 and 5981 cm
-1, the first overtone of aromatic skeletal CH stretching 
vibrations, may be due to a relative increase of lignin. Also, there is an increase of the  
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absorption band around 6900 cm
-1, which can be assigned to the phenolic hydroxyl 
groups originating from lignin (Mitsui et al. 2008). 
 
 
CONCLUSIONS 
 
This research assessed colors and properties of heat-treated beech sapwood and red 
heartwood and the possibilities of estimation their properties by color were examined. 
The following conclusions can be drawn: 
 
1. Coordinates of sapwood and red heartwood color have positive values both before and 
after treatment. Untreated sapwood had L* values higher than red heartwood, while a* 
and b* coordinates were lower. Changes in color after heat treatment were caused by the 
decrease in L*, whereas the influence of changes in a* and b* was small. Differences in 
color (ΔE) between sapwood and red heartwood before treatment were high, but after 
treatment they were small at 170°C and 190°C, and not visible at 210°C. 
 
2. Most of properties of sapwood and red heartwood showed no significant difference 
both before and after treatment. Higher temperatures caused a rise in mass loss and 
density loss, and a reduction of bending strength, whereas the effect on MOE was small. 
 
3. In general, color could be used for predicting the properties of sapwood and red 
heartwood. In linear regression, the majority of examined properties had a linear 
correlation with ΔL and ΔE, while ΔE was a better predictor for all properties, except for 
density of red heartwood. PLS regression based on twelve independent color variables 
(L*,  a*,  b*,  ΔL,  Δa,  Δb,  ΔE,  h,  C1,  C2,  ΔC, and Hab) considerably enhanced the 
estimation of most of the examined properties. Both linear and PLS regressions made the 
best estimations on sapwood mass loss, density loss, and MOR. 
 
4. Heat treated red heartwood and sapwood had similar color and properties, which can 
increase the usage of beech red heartwood for products made out of heat-treated wood. 
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